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Abstract 

The sPHENIX proposal is for a second generation experiment at RHIC, which will take 

advantage of the increased luminosity due to accelerator upgrades, and allow measurements 

of jets and jet correlations with a kinematic reach that will overlap with measurements 

made at the Large Hadron Collider (LHC).  Particle jets, formed when a hard scatter parton 

fragments and then hadronizes into a spray of particles, were proposed as a probe of the 

Quark Gluon Plasma formed in heavy-ion collisions.  As they traverse the QGP, the hard 

scattered partons probe the medium at a variety of length scales, which is called jet 

quenching.  To answer the fundamental questions of how and why partons lose energy in 

the QGP, we need to characterize both the medium induced modification of the jet 

fragmentation pattern and the correlation of the lost energy with the jet axis.  Some 

observables that help elucidate these effects are gamma-jet correlations and jet 

fragmentation functions, which require the precise tracking and calorimetry that sPHENIX 

will have.  We will show the performance of these observables as well as that for jet and 

hadron spectra measurements, which are necessary for a baseline understanding, based on 

detector simulations. 

 
 
 Jets at sPHENIX 

•  Sample ~50 billion  

    Au+Au events in 1 year 

•  107 jets > 20 GeV 

•  106 jets > 30 GeV 

•  80% are dijet events 

•  104 direct γ > 20 GeV 

•  Required Detector  

    Performance 
•  Single particle  

    resolution:  

    σE/E < 100%/√E  

•  Jet: σE/E < 120(150)%/√E in p+p(Au+Au) 

•  Photon Energy resolution σE/E<15%/√E  

•  dp/p ~ 0.2% p to > 40 GeV/ 

•  Jets interact minimally until their virtuality ~ medium virtuality 

•  Jets from the highest collision energies are mostly vacuum (pQCD) dominated 

Conclusions and Outlook 

 
•  Jets allow us to address the important fundamental questions of "how" and "why” 

partons lose energy in the QGP 

•  There has been significant progress in our understanding of quenching 

•  Jet quenching measurements at RHIC provide significant constraints on the partonic 

Eloss mechanisms  

•  sPhenix increased capabilities will allow a direct comparison to the LHC 

•  High luminosity will allow data collection without  

     imposing online trigger “biases 

•  LHC inspired observables will be measured at RHIC 

•  Progress is underway in evaluating the effect of 

    detector design choices on jet structure observable 

•  Investigation into the significance of the various 

     LHC inspired observables underway 

•  Fully embedded PYTHIA + HIJING events will be used to 

     evaluate background performance and photon isolation 

     cuts and clustering algorithims 
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•  Simulation of γ-jet events with  

    PYTHIA 
•  γ events are the “golden” probe 

•  Compare energy clustered into 

      jet versus photon 

•  Effect of detector resolution 
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Photon Clustering Algorithms 

•  Algorithm A 

•  Cluster = contiguous towers E > Ethreshold 

•  Algorithm B 

•  Noise reduction ! E > Ethreshold 

•  Neighboring towers which satisfy  

    noise threshold = “isolated cluster” 

•  Find “local max tower” and “peak area”  

    around it 

•  Etower with contribution from 2+ peak areas 

•  divided into peak areas  

•  Parameterized shower shape function 

•  Redefine “core cluster” within cluster area as 

    towers Esum > Ethreshold of peak area 
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How does the QGP evolve along with the parton shower?
The Physics Case for sPHENIX
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Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local

temperature in the medium. The red (black) curves are for different initial parton energies in the

RHIC (LHC) medium.
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Di-Jet Event Display 

•  EMCal + HCAL give hermetic jet  

    measurement 

•  High resolution tracker will  

    allow jet structure  

    measurements 

•  Jet modification 

•  Energy flow 

•  No autocorrelations! 

•  Jet algorithms for clustering and  

   background removal are under  

   investigation 
•  CMS Particle Flow? 

•  γ-jet events 

•  Photon clustering algorithm 

•  Isolation cuts 

sPHENIX CAD Drawing!

Jet Response!

arxiv:1501.06
197!

Tracking  Efficiency!
Tracking  Resolution!

Photon 

Resolution!

pp!
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XJγ =
pγT
pjetT

The Physics Case for sPHENIX
What is the temperature dependence of the QGP?

What is the temperature 

dependence of the 

QGP?

What are the inner 

workings of the QGP?

How does the QGP evolve 

along with the parton 

shower? 
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Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and

probed. The axes are the temperature of the quark-gluon plasma, the Q2
hard of the hard process that

sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton

probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,

the length scale probed in the medium, and the virtuality of the hard process as shown schematically

in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed

matter and material physics—are governed by quantum electrodynamics. It is well known that near

a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear

viscosity to entropy density ratio, h

/s, near the critical temperature, Tc. This is shown in Figure 1.4

for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures

below Tc, h

/s for these materials remains an order of magnitude above the conjectured quantum

bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations

provide a deeper understanding of the nature of these materials: for example the coupling between

the fundamental constituents, the degree to which a description in terms of quasiparticles is

important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental

characterization of the dependence of h

/s on temperature will lead to a deeper understanding

of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative

calculations in the weakly coupled limit indicate that h

/s decreases slowly as one approaches Tc

from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the

right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative

5

•  Performance with heavy ion 

background needs to be quantified 

•  What is the best R choice? 

•  γ-jet events  dominated by quark jets 

•  Allows a flavor comparison between 

quarks and gluons 

•  Other observables under 

consideration 
Megan	  Connors	  
RHIC/AGS	  Users	  Mee3ng	  
June	  20,	  2017	  

Precision	  Jet	  Measurements	  with	  	  



Outline	  

•  Goals	  and	  sta3s3cs	  of	  sPHENIX	  
•  The	  sPHENIX	  detector	  
•  Highligh3ng	  2	  sPHENIX	  Jet	  observables	  
– b-‐tagged	  jets	  
–  jet	  structure	  

2	  



The	  need	  for	  sPHENIX	  
3	  

4

1. Summary and Recommendations

in some cases, we are only now poised to reap the 

benefits of these initiatives. In other cases, anticipated 

upgrades were achieved at a small fraction of the cost 

estimated in 2007, and we are harvesting the benefits 

earlier than expected. All of our current four national 

user facilities, the Continuous Electron Beam Accelerator 

Facility (CEBAF), the Relativistic Heavy Ion Collider 

(RHIC), the Argonne Tandem Linac Accelerator System 

(ATLAS), and the NSF-supported National Supercon-

ducting Cyclotron Laboratory (NSCL), were significantly 

upgraded in capability during this period. A fifth national 

user facility, the DOE-supported Holifield Radioactive Ion 

Beam Facility, was closed down. Care was always taken 

to leverage U.S. investments in an international context 

while maintaining a world-leadership position.

Here are the recommendations of the 2015 Long Range 

Plan.

RECOMMENDATION I

The progress achieved under the guidance of the 2007 
Long Range Plan has reinforced U.S. world leadership 
in nuclear science. The highest priority in this 2015 Plan 
is to capitalize on the investments made.

 ! With the imminent completion of the CEBAF 12-GeV 

Upgrade, its forefront program of using electrons to 

unfold the quark and gluon structure of hadrons and 

nuclei and to probe the Standard Model must be 

realized.
 ! Expeditiously completing the Facility for Rare 

Isotope Beams (FRIB) construction is essential. 

Initiating its scientific program will revolutionize our 

understanding of nuclei and their role in the cosmos.
 ! The targeted program of fundamental symmetries 

and neutrino research that opens new doors to 

physics beyond the Standard Model must be 

sustained.
 ! The upgraded RHIC facility provides unique 

capabilities that must be utilized to explore the 

properties and phases of quark and gluon matter in 

the high temperatures of the early universe and to 

explore the spin structure of the proton.

Realizing world-leading nuclear science also requires 

robust support of experimental and theoretical research 

at universities and national laboratories and operating 

our two low-energy national user facilities—ATLAS and 

NSCL—each with their unique capabilities and scientific 

instrumentation.

The ordering of these four bullets follows the priority 

ordering of the 2007 plan.

RECOMMENDATION II

The excess of matter over antimatter in the universe is 

one of the most compelling mysteries in all of science. 

The observation of neutrinoless double beta decay 

in nuclei would immediately demonstrate that neutrinos 

are their own antiparticles and would have profound 

implications for our understanding of the matter-

antimatter mystery.

We recommend the timely development and 
deployment of a U.S.-led ton-scale neutrinoless 
double beta decay experiment.

A ton-scale instrument designed to search for this as-yet 

unseen nuclear decay will provide the most powerful 

test of the particle-antiparticle nature of neutrinos ever 

performed. With recent experimental breakthroughs 

pioneered by U.S. physicists and the availability of deep 

underground laboratories, we are poised to make a 

major discovery.

This recommendation flows out of the targeted 

investments of the third bullet in Recommendation I. It 

must be part of a broader program that includes U.S. 

participation in complementary experimental efforts 

leveraging international investments together with 

enhanced theoretical efforts to enable full realization of 

this opportunity.

RECOMMENDATION III

Gluons, the carriers of the strong force, bind the quarks 

together inside nucleons and nuclei and generate nearly 

all of the visible mass in the universe. Despite their 

importance, fundamental questions remain about the 

role of gluons in nucleons and nuclei. These questions 

can only be answered with a powerful new electron ion 

collider (EIC), providing unprecedented precision and 

versatility. The realization of this instrument is enabled 

by recent advances in accelerator technology.

We recommend a high-energy high-luminosity polarized 
EIC as the highest priority for new facility construction 
following the completion of FRIB.

The EIC will, for the first time, precisely image gluons in 

nucleons and nuclei. It will definitively reveal the origin 

of the nucleon spin and will explore a new quantum 

chromodynamics (QCD) frontier of ultra-dense gluon 
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter
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Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.

2016	  

2001	  

RHIC	  Au+Au	  Luminosity	  



Probe	  QGP	  at	  Mutliple	  Scales	  
4	  

•  Jet	  Structure	  

•  parton	  mass/flavor	  
•  ϒ	  spectroscopy	  

Phys.	  LeX
.	  B	  740	  172	  (2015)	  

g	  
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Sta3s3cs	  of	  sPHENIX	  
5	  

Scientific Objective and Performance Heavy Quark Jets

Heavy quarks are particularly sensitive to the contribution of collisional energy loss, due
to suppressed radiative energy loss from the “dead cone” effect [88]. Measurements of
beauty-tagged jets and reconstructed D mesons over the broadest kinematic reach will
enable the disentangling of q̂ and ê.

There are important measurements currently being made of single electrons from semilep-
tonic D and B decays and direct D meson reconstruction with the current PHENIX VTX and
STAR Heavy Flavor Tracker (HFT). The sPHENIX program can significantly expand the
experimental acceptance and physics reach of this program with its ability to reconstruct
full jets with a heavy flavor tag. The rates for heavy flavor production from perturbative
QCD calculations [89] are shown in Figure 1.13.
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Figure 1.13: FONLL calculations [89] for heavy flavor (charm and beauty) jets, fragmentation
hadrons (D, B mesons primarily), and decay electrons as a function of transverse momentum.
The rates indicate expected counts for pT above a minimum transverse momentum threshold,
pT(cut), as a function of pT(cut) for Au+Au 0–20% central collisions.

Calculations including both radiative and collisional energy loss for light quark and gluon
jets, charm jets, and beauty jets have been carried out within the CUJET 2.0 framework [90].
The resulting RAA values in central Au+Au at RHIC and Pb+Pb at the LHC for p, D, B
mesons are shown as a function of pT in Figure 1.14. The mass orderings are a convolution
of different initial spectra steepness, different energy loss mechanisms, and the final
fragmentation. Measurements of D mesons to high pT and reconstructed beauty-tagged
jets at RHIC will provide particularly sensitive constraints in a range where, due to their
large masses, the charm and beauty quark velocities are not near the speed of light.

The tagging of charm and beauty jets has an extensive history in particle physics experi-
ments. There are multiple ways to tag heavy flavor jets. First is the method of tagging via

19

Central	  Yields	  	  	  	  pT	  Range	  	  	  

107	  jets	  	  	  >	  20	  GeV/c	  
106	  jets	  	  	  >	  30	  GeV/c	  
104	  γdir	  	  	  	  	  >	  20	  GeV/c	  
104	  b-‐jets	  >	  20	  GeV/c	  

Original	  proposal	  projec3ons	  assume	  
22	  weeks	  of	  Au+Au	  at	  RHIC	  	  
à  100B	  MB	  events	  	  
à  20B	  0-‐20%	  events	  



Extends	  the	  kinema3c	  reach	  

•  RAA	  for	  photons,	  HF	  and	  jets	  extended	  to	  
higher	  pT	  

6	  

The benefits of rate
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The benefits of rate
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More	  Sta3s3cs	  =	  More	  Differen3al	  

•  Pathlength	  
studies	  

•  Important	  
constraints	  
for	  models	  
that	  describe	  
inclusive	  RAA	  

7	  

Large rates enable differential measurements

12



Overlap	  with	  LHC	  

•  Significant	  overlap	  achievable	  with	  “tomorrow’s”	  RHIC-‐LHC	  
jet	  measurements	  

8	  

sPHENIX will complement LHC measurements
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Z) 

γ+Jets (pT
γ) 

Dijets (PT,1) 
Ensemble-based 
measurements 
and x+hadron 
correlations 

add low pT reach 

RHIC Today RHIC Tomorrow LHC Today LHC Tomorrow 
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Possible	  5	  year	  run	  plan	  

Presented	  at	  the	  PAC	  Mee3ng	  6/15/17	  by	  D.	  Morrison	  

9	  

Multi-year run plan scenario for sPHENIX

• Guidance from ALD to think in terms of a multi-year run plan   
• Consistent with language in DOE CD-0 “mission need” document 
• Incorporates updated C-AD guidance now officially documented 
• Run plan relates to capabilities of full barrel detector 
• Incorporates commissioning time in first year

Minimum bias Au+Au at 15 kHz for |z| < 10 cm: 
47 billion (2022) + 96 billion (2024) + 96 billion (2026) = Total 239 billion events  

For topics with Level-1 selective trigger (e.g. high pT photons), one can sample within 
|z| < 10 cm a total of 550 billion events. One could consider sampling events over a 
wider z-vertex for calorimeter only measurements, 1.5 trillion events.  



Detector	  Designed	  for	  Measurements	  

Solenoid	  
Magnet	  

Outer	  HCal	  

Inner	  HCal	  

EMCal	  

TPC	  
INTT	  
MAPS	  

10	  



sPHENIX	  Event	  Display	  

•  Di-‐jet	  event	  
highlights	  all	  
detectors	  

•  This	  talk	  will	  
focus	  on	  b-‐jet	  
and	  γ-‐jet	  
substructure	  
studies	  

11	  

Jet$spectra$and$jet$structure$
measurements$with$sPHENIX!

 Rosi Reed, for the sPHENIX Collaboration!

Abstract 
The sPHENIX proposal is for a second generation experiment at RHIC, which will take 
advantage of the increased luminosity due to accelerator upgrades, and allow measurements 
of jets and jet correlations with a kinematic reach that will overlap with measurements 
made at the Large Hadron Collider (LHC).  Particle jets, formed when a hard scatter parton 
fragments and then hadronizes into a spray of particles, were proposed as a probe of the 
Quark Gluon Plasma formed in heavy-ion collisions.  As they traverse the QGP, the hard 
scattered partons probe the medium at a variety of length scales, which is called jet 
quenching.  To answer the fundamental questions of how and why partons lose energy in 
the QGP, we need to characterize both the medium induced modification of the jet 
fragmentation pattern and the correlation of the lost energy with the jet axis.  Some 
observables that help elucidate these effects are gamma-jet correlations and jet 
fragmentation functions, which require the precise tracking and calorimetry that sPHENIX 
will have.  We will show the performance of these observables as well as that for jet and 
hadron spectra measurements, which are necessary for a baseline understanding, based on 
detector simulations. 
 
 
 

Jets at sPHENIX 
•  Sample ~50 billion  
    Au+Au events in 1 year 

•  107 jets > 20 GeV 
•  106 jets > 30 GeV 
•  80% are dijet events 
•  104 direct γ > 20 GeV 

•  Required Detector  
    Performance 

•  Single particle  
    resolution:  
    σE/E < 100%/√E  
•  Jet: σE/E < 120(150)%/√E in p+p(Au+Au) 
•  Photon Energy resolution σE/E<15%/√E  
•  dp/p ~ 0.2% p to > 40 GeV/ 

•  Jets interact minimally until their virtuality ~ medium virtuality 
•  Jets from the highest collision energies are mostly vacuum (pQCD) dominated 

Conclusions and Outlook 
 
•  Jets allow us to address the important fundamental questions of "how" and "why” 

partons lose energy in the QGP 
•  There has been significant progress in our understanding of quenching 

•  Jet quenching measurements at RHIC provide significant constraints on the partonic 
Eloss mechanisms  

•  sPhenix increased capabilities will allow a direct comparison to the LHC 
•  High luminosity will allow data collection without  
     imposing online trigger “biases 
•  LHC inspired observables will be measured at RHIC 

•  Progress is underway in evaluating the effect of 
    detector design choices on jet structure observable 
•  Investigation into the significance of the various 
     LHC inspired observables underway 
•  Fully embedded PYTHIA + HIJING events will be used to 
     evaluate background performance and photon isolation 
     cuts and clustering algorithims 
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•  Simulation of γ-jet events with  
    PYTHIA 

•  γ events are the “golden” probe 
•  Compare energy clustered into 
      jet versus photon 
•  Effect of detector resolution 
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Photon Clustering Algorithms 

•  Algorithm A 
•  Cluster = contiguous towers E > Ethreshold 

•  Algorithm B 
•  Noise reduction ! E > Ethreshold 

•  Neighboring towers which satisfy  

    noise threshold = “isolated cluster” 

•  Find “local max tower” and “peak area”  

    around it 

•  Etower with contribution from 2+ peak areas 

•  divided into peak areas  

•  Parameterized shower shape function 

•  Redefine “core cluster” within cluster area as 

    towers Esum > Ethreshold of peak area 
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How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX
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Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.
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Di-Jet Event Display 
•  EMCal + HCAL give hermetic jet  
    measurement 

•  High resolution tracker will  
    allow jet structure  
    measurements 

•  Jet modification 
•  Energy flow 

•  No autocorrelations! 

•  Jet algorithms for clustering and  
   background removal are under  
   investigation 

•  CMS Particle Flow? 

•  γ-jet events 
•  Photon clustering algorithm 
•  Isolation cuts 

sPHENIX CAD Drawing!

Jet Response!

arxiv:1501.06197!

Tracking  Efficiency! Tracking  Resolution!

Photon 
Resolution!

pp!

AA!

XJγ =
pγT
p jet
T

The Physics Case for sPHENIX What is the temperature dependence of the QGP?

What is the temperature 
dependence of the 

QGP?

What are the inner 
workings of the QGP?

How does the QGP evolve 
along with the parton 

shower? 
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hard
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Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Q2

hard of the hard process that
sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton
probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative

5

•  Performance with heavy ion 
background needs to be quantified 
•  What is the best R choice? 

•  γ-jet events  dominated by quark jets 
•  Allows a flavor comparison between 

quarks and gluons 
•  Other observables under 

consideration 



Importance	  of	  Tracking	  
12	  

Physics	  Goal	   Detector	  Requirement	  

Fragmenta3on	  Func3ons	   Excellent	  Momentum	  Resolu3on:	  	  
dp/p	  ~	  0.2%p	  to	  >	  40	  GeV/c	  

Jet	  Substructure	   Excellent	  track	  paXern	  recogni3on	  

Dis3nguish	  Upsilon	  States	   Mass	  resolu3on:	  σM	  <	  100	  MeV/c2	  

HF	  jet	  tagging	   Precise	  DCA	  resolu3on	  σDCA	  <	  100	  μm	  

High	  Sta3s3cs	  Au+Au	  200	  GeV	   Handle	  mul3plicity	  and	  full	  RHIC	  luminosity	  

TPC	  

MAPS	  

INTT	  
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Jet$spectra$and$jet$structure$
measurements$with$sPHENIX!

 Rosi Reed, for the sPHENIX Collaboration!

Abstract 
The sPHENIX proposal is for a second generation experiment at RHIC, which will take 
advantage of the increased luminosity due to accelerator upgrades, and allow measurements 
of jets and jet correlations with a kinematic reach that will overlap with measurements 
made at the Large Hadron Collider (LHC).  Particle jets, formed when a hard scatter parton 
fragments and then hadronizes into a spray of particles, were proposed as a probe of the 
Quark Gluon Plasma formed in heavy-ion collisions.  As they traverse the QGP, the hard 
scattered partons probe the medium at a variety of length scales, which is called jet 
quenching.  To answer the fundamental questions of how and why partons lose energy in 
the QGP, we need to characterize both the medium induced modification of the jet 
fragmentation pattern and the correlation of the lost energy with the jet axis.  Some 
observables that help elucidate these effects are gamma-jet correlations and jet 
fragmentation functions, which require the precise tracking and calorimetry that sPHENIX 
will have.  We will show the performance of these observables as well as that for jet and 
hadron spectra measurements, which are necessary for a baseline understanding, based on 
detector simulations. 
 
 
 

Jets at sPHENIX 
•  Sample ~50 billion  
    Au+Au events in 1 year 

•  107 jets > 20 GeV 
•  106 jets > 30 GeV 
•  80% are dijet events 
•  104 direct γ > 20 GeV 

•  Required Detector  
    Performance 

•  Single particle  
    resolution:  
    σE/E < 100%/√E  
•  Jet: σE/E < 120(150)%/√E in p+p(Au+Au) 
•  Photon Energy resolution σE/E<15%/√E  
•  dp/p ~ 0.2% p to > 40 GeV/ 

•  Jets interact minimally until their virtuality ~ medium virtuality 
•  Jets from the highest collision energies are mostly vacuum (pQCD) dominated 

Conclusions and Outlook 
 
•  Jets allow us to address the important fundamental questions of "how" and "why” 

partons lose energy in the QGP 
•  There has been significant progress in our understanding of quenching 

•  Jet quenching measurements at RHIC provide significant constraints on the partonic 
Eloss mechanisms  

•  sPhenix increased capabilities will allow a direct comparison to the LHC 
•  High luminosity will allow data collection without  
     imposing online trigger “biases 
•  LHC inspired observables will be measured at RHIC 

•  Progress is underway in evaluating the effect of 
    detector design choices on jet structure observable 
•  Investigation into the significance of the various 
     LHC inspired observables underway 
•  Fully embedded PYTHIA + HIJING events will be used to 
     evaluate background performance and photon isolation 
     cuts and clustering algorithims 
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•  Simulation of γ-jet events with  
    PYTHIA 

•  γ events are the “golden” probe 
•  Compare energy clustered into 
      jet versus photon 
•  Effect of detector resolution 
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Photon Clustering Algorithms 

•  Algorithm A 
•  Cluster = contiguous towers E > Ethreshold 

•  Algorithm B 
•  Noise reduction ! E > Ethreshold 

•  Neighboring towers which satisfy  

    noise threshold = “isolated cluster” 

•  Find “local max tower” and “peak area”  

    around it 

•  Etower with contribution from 2+ peak areas 

•  divided into peak areas  

•  Parameterized shower shape function 

•  Redefine “core cluster” within cluster area as 

    towers Esum > Ethreshold of peak area 
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Algorithm A                    Algorithm B 

How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX
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Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.

20

truth
T

p / reco
T

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4

))
tru

th
Tp/

re
co

Tp
/d

(
N

)(d γ
N

 (1
/

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5
 > 20 GeVjet

T
p > 30 GeV, γ

T
p+jet, γPythia8 

 = 0.798µ

 = 0.102σ

truth
TE / reco

TE

0 0.2 0.4 0.6 0.8 1 1.2

))
tru

th
T

E/
re

co
T

E
/d

(
N

)(d γ
N

 (1
/

0

1

2

3

4

5

6

7

8  > 30 GeVγ

T
p+jet, γPythia8 

 = 0.945µ

 = 0.041σ

 (GeV)
T

p
1 10

R
ec

on
st

ru
ct

io
n 

ef
fic

ie
nc

y
0

0.2

0.4

0.6

0.8

1

 > 30 GeVγ

T
p+jet, γPythia8 

 > 1 GeVch
T

p > 20 GeV, jet
T

p

 (GeV)
T

p
1 10

 - 
1)

tru
th

Tp
 / 

re
co

Tp( 
σ 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14  > 30 GeVγ

T
p+jet, γPythia8 

 > 1 GeVch
T

p > 20 GeV, jet
T

p

Di-Jet Event Display 
•  EMCal + HCAL give hermetic jet  
    measurement 

•  High resolution tracker will  
    allow jet structure  
    measurements 

•  Jet modification 
•  Energy flow 

•  No autocorrelations! 

•  Jet algorithms for clustering and  
   background removal are under  
   investigation 

•  CMS Particle Flow? 

•  γ-jet events 
•  Photon clustering algorithm 
•  Isolation cuts 

sPHENIX CAD Drawing!

Jet Response!

arxiv:1501.06197!

Tracking  Efficiency! Tracking  Resolution!

Photon 
Resolution!
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XJγ =
pγT
p jet
T

The Physics Case for sPHENIX What is the temperature dependence of the QGP?

What is the temperature 
dependence of the 

QGP?

What are the inner 
workings of the QGP?

How does the QGP evolve 
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Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Q2

hard of the hard process that
sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton
probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative

5

•  Performance with heavy ion 
background needs to be quantified 
•  What is the best R choice? 

•  γ-jet events  dominated by quark jets 
•  Allows a flavor comparison between 

quarks and gluons 
•  Other observables under 

consideration 

Megan	  Connors	  



•  3	  layers	  Si	  sensors	  
•  Based	  on	  ALICE	  ITS	  

upgrade	  
•  DCAxy	  <	  70	  μm	  
•  |zvtx|<	  10	  cm	  

Tracking	  Subsystems	  
MAPS	  

INTT	   TPC	  

•  4	  layers	  Si	  strips	  
•  Use	  PHENIX	  	   	  	  	  	  	  	  FVTX	  

electronics	  
•  PaXern	  recogni3on,	  DCA,	  

connect	  tracking	  systems,	  
reject	  pile-‐up	  

•  Radius	  20–78	  cm	  
•  ~250	  μm	  effec3ve	  hit	  resolu3on	  
•  Con3nuous	  (non-‐gated)	  readout	  
•  PaXern	  recogni3on,	  momentum	  

resolu3on,	  pT	  0.2-‐40	  GeV/c	  

13	  



Designed	  to	  Measure	  b-‐jets	  

 (GeV/c)
T

p
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MAPS (3 layers)+INTT (4 layers)+TPC

•  Outstanding	  DCA	  resolu3on	  
•  25 𝜇m for pT 1-2 GeV/c	  

14	  

25microns	  	  

•  Simula3on	  Improvements:	  	  
•  Realis3c	  ladder	  geometry	  	  
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Importance	  of	  Calorimetry	  

•  Designed	  to	  Measure	  Jet	  energy	  

Physics	  Goal	   Detector	  Requirement	  

Jets/Fragmenta3on	  Func3ons/
jet	  substructure	  

Single	  par3cle	  Resolu3on:	  	  
σ/E	  <	  100%/√E	  	  

Dis3nguish	  Upsilon	  States	   Good	  e/π	  separa3on	  

HF	  jet	  tagging	   Electron	  ID	  
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sPHENIX G4 Simulation
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>30 GeV/cγ
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p
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T
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Jet$spectra$and$jet$structure$
measurements$with$sPHENIX!

 Rosi Reed, for the sPHENIX Collaboration!

Abstract 
The sPHENIX proposal is for a second generation experiment at RHIC, which will take 
advantage of the increased luminosity due to accelerator upgrades, and allow measurements 
of jets and jet correlations with a kinematic reach that will overlap with measurements 
made at the Large Hadron Collider (LHC).  Particle jets, formed when a hard scatter parton 
fragments and then hadronizes into a spray of particles, were proposed as a probe of the 
Quark Gluon Plasma formed in heavy-ion collisions.  As they traverse the QGP, the hard 
scattered partons probe the medium at a variety of length scales, which is called jet 
quenching.  To answer the fundamental questions of how and why partons lose energy in 
the QGP, we need to characterize both the medium induced modification of the jet 
fragmentation pattern and the correlation of the lost energy with the jet axis.  Some 
observables that help elucidate these effects are gamma-jet correlations and jet 
fragmentation functions, which require the precise tracking and calorimetry that sPHENIX 
will have.  We will show the performance of these observables as well as that for jet and 
hadron spectra measurements, which are necessary for a baseline understanding, based on 
detector simulations. 
 
 
 

Jets at sPHENIX 
•  Sample ~50 billion  
    Au+Au events in 1 year 

•  107 jets > 20 GeV 
•  106 jets > 30 GeV 
•  80% are dijet events 
•  104 direct γ > 20 GeV 

•  Required Detector  
    Performance 

•  Single particle  
    resolution:  
    σE/E < 100%/√E  
•  Jet: σE/E < 120(150)%/√E in p+p(Au+Au) 
•  Photon Energy resolution σE/E<15%/√E  
•  dp/p ~ 0.2% p to > 40 GeV/ 

•  Jets interact minimally until their virtuality ~ medium virtuality 
•  Jets from the highest collision energies are mostly vacuum (pQCD) dominated 

Conclusions and Outlook 
 
•  Jets allow us to address the important fundamental questions of "how" and "why” 

partons lose energy in the QGP 
•  There has been significant progress in our understanding of quenching 

•  Jet quenching measurements at RHIC provide significant constraints on the partonic 
Eloss mechanisms  

•  sPhenix increased capabilities will allow a direct comparison to the LHC 
•  High luminosity will allow data collection without  
     imposing online trigger “biases 
•  LHC inspired observables will be measured at RHIC 

•  Progress is underway in evaluating the effect of 
    detector design choices on jet structure observable 
•  Investigation into the significance of the various 
     LHC inspired observables underway 
•  Fully embedded PYTHIA + HIJING events will be used to 
     evaluate background performance and photon isolation 
     cuts and clustering algorithims 
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•  Simulation of γ-jet events with  
    PYTHIA 

•  γ events are the “golden” probe 
•  Compare energy clustered into 
      jet versus photon 
•  Effect of detector resolution 
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Photon Clustering Algorithms 

•  Algorithm A 
•  Cluster = contiguous towers E > Ethreshold 

•  Algorithm B 
•  Noise reduction ! E > Ethreshold 

•  Neighboring towers which satisfy  

    noise threshold = “isolated cluster” 

•  Find “local max tower” and “peak area”  

    around it 

•  Etower with contribution from 2+ peak areas 

•  divided into peak areas  

•  Parameterized shower shape function 

•  Redefine “core cluster” within cluster area as 

    towers Esum > Ethreshold of peak area 
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How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX
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Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.
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Di-Jet Event Display 
•  EMCal + HCAL give hermetic jet  
    measurement 

•  High resolution tracker will  
    allow jet structure  
    measurements 

•  Jet modification 
•  Energy flow 

•  No autocorrelations! 

•  Jet algorithms for clustering and  
   background removal are under  
   investigation 

•  CMS Particle Flow? 

•  γ-jet events 
•  Photon clustering algorithm 
•  Isolation cuts 

sPHENIX CAD Drawing!

Jet Response!

arxiv:1501.06197!

Tracking  Efficiency! Tracking  Resolution!

Photon 
Resolution!

pp!

AA!

XJγ =
pγT
p jet
T

The Physics Case for sPHENIX What is the temperature dependence of the QGP?

What is the temperature 
dependence of the 

QGP?

What are the inner 
workings of the QGP?

How does the QGP evolve 
along with the parton 

shower? 

lprobe

Q2
hard

T

1

lprobe

Q2
hard

T

1

lprobe

Q2
hard

T

1

Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Q2

hard of the hard process that
sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton
probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative

5

•  Performance with heavy ion 
background needs to be quantified 
•  What is the best R choice? 

•  γ-jet events  dominated by quark jets 
•  Allows a flavor comparison between 

quarks and gluons 
•  Other observables under 

consideration 

Megan	  Connors	  



Calorimeter	  Beam	  Tests	  

•  2016	  results	  submiXed	  (arXiv:1704.01461)	  
•  2017	  results	  coming	  soon!	  

16	  

Calorimeter beam tests

February 2014 
Proof of principle April 2016 

η~0  
sPHENIX geometry

February 2017 
η~0.9

FTBF T-1044
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EMCal	  Electron	  Energy	  Resolu3on	  

•  Consistent	  with	  simula3ons	  
•  Sa3sfies	  sPHENIX	  requirement	  	  
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Fig. 23: Cluster energy vs. vertical hodoscope in the EMCal towers produced at UIUC before and after the position correction
for a 2.5 ⇥ 2.5 cm2 beam cross section is applied. The beam energy shown is at 6 GeV with an incident angle of 10 degrees.
Data is shown prior to unfolding a beam momentum spread (�p/p ⇡ 2%).
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Fig. 24: Linearity and resolution of electron showers in EMCal towers produced at UIUC and THP, for which a 2.5 ⇥ 2.5 cm2

beam cross section is selected and matches the area of one EMCal tower. The beam incident angles are 10 degrees (blue) and
45 degrees (red). Data (points) are fit with linear (left solid curves) and �E/E =

p
a

2 + b

2
/E function with results labeled on

plot (right solid curves). A beam momentum spread (�p/p ⇡ 2%) is unfolded and included in the resolution.

studied:714

• The energy resolution for showers located at the center of715

one tower, which is a test of the intrinsic performance of716

the W-Epoxy and fiber sampling structure with minimal717

sensitivity to the light collection uniformity and tower718

edge effects. With a 1.0 ⇥ 0.5 cm2 beam hodoscope719

selection around the center of one tower, the linearity720

and resolution are shown in Figure 22 for SPACAL721

towers produced at UIUC and THP, respectively. At a722

10 degree incident angle, the performance of the UIUC723

and THP SPACAL towers are comparable with each other724

and with that of simulation, producing a resolution of725

�E/E = 1.6%� 12.7%/

p
E after unfolding the beam726

momentum spread. At a 45 degree beam incident angle,727

the resolution is found to be �E/E = 12.1%/

p
E728

(with a negligible constant term) after unfolding the beam729

momentum spread.730

• Resolution with a beam cross section selection of731

2.5 ⇥ 2.5 cm2, which is more relevant for performance732

projection in sPHENIX. The energy response of the EM-733

Cal depends on the hit position of the incoming particle,734

which mainly stems from the non-uniformity of light col-735

lection on the light guide as discussed in Section II-B. A736

position dependent energy scale correction is applied to the737

current data based on the two-dimensional beam position738

as measured using a 0.5 ⇥ 0.5 cm2 hodoscope selection.739

14
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sPHENIX	  Hadron	  Energy	  Resolu3on	  

•  Combined	  system	  takes	  into	  account	  where	  the	  
par3cles	  shower	  develops	  

•  Sa3sfies	  the	  single	  par3cle	  energy	  resolu3on	  
needed	  for	  sPHENIX	  program	  
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Fig. 30: Hadron (a) linearity and (b) resolution measured with combined EMCal+HCal (sPHENIX configuration) detector setup.
Three sets of data points corresponds to the event categories shown in Figure 29. The bottom panel of (a) shows the ratio of the
measured energy and corresponding fits.

p
(�p/p)2 + a

2 + b

2
/E, i.e. with a fixed beam momentum903

spread term of �p/p ⇡ 2% subtracted from the constant904

term in quadrature. HCALOUT showers that MIPs through905

EMCAL and HCALIN has a resolution of 17.1 � 75.5%/

p
E.906

HCAL showers that MIPs through EMCAL has a resolu-907

tion of 14.5 � 74.9%/

p
E. A combined resolution of all908

the showers irrespective of their starting position (FULL) is909

13.5 � 64.9%/

p
E. Hadron resolution improves without the910

MIP cuts because it reduces the overall shower fluctuations.911

The linearity is shown in Figure 30(b). The bottom panel912

shows the ratio of the measured energy and the corresponding913

fits. We normalize FULL reconstructed showers to the input914

energy. This results in the HCAL and HCALOUT reconstructed915

showers linearity slightly below the input energies, due to916

higher leakage in those event categories.917

VIII. CONCLUSIONS918

A prototype of the sPHENIX calorimeter system was suc-919

cessfully constructed and tested at the Fermilab Test Beam920

Facility with beam energies in the range of 2-32 GeV. The921

energy resolution and linearity of the EMCal and HCal were922

measured as a combined calorimeter system as well as in-923

dependently. The energy resolution of the HCal is found to924

be � E/E = 11.8% � 81.1%/

p
E for hadrons. The925

energy resolution of EMCal for electrons is 1.6%�12.7%/

p
E926

for EM showers that hit at the center of the tower and927

2.8% � 15.5%/

p
E without the position restriction. Part of928

the EMCal position dependence of the shower response stems929

from the non-uniformity of the light collection in the light930

guide, which will be a major focus of the next stage of R&D.931

The combined hadron resolution of the full EMCal and HCal932

system for hadrons is 13.5% � 64.9%/

p
E and is consistent933

with the standalone HCal results. All of these results satisfy934

the requirements of the sPHENIX physics program. Excellent935

agreement between the test beam results and GEANT4-based936

sPHENIX simulation is observed giving confidence to the937

use of additional simulation studies in the final research and938

development of these detectors.939
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Probe	  QGP	  at	  Mutliple	  Scales	  
19	  

•  Jet	  Structure	  

•  parton	  mass/flavor	  
•  ϒ	  spectroscopy	  

Phys.	  LeX
.	  B	  740	  172	  (2015)	  

g	  

u,	  d,	  s	  

c	   b	  



b-‐tagged	  Jets	  

•  Sensi3vity	  to	  collision	  vs	  radia3ve	  energy	  loss	  
•  First	  b-‐jet	  measurement	  at	  RHIC	  
•  Complimentary	  to	  LHC	  jets,	  accessing	  lower	  pT	  
region	  with	  larger	  heavy	  quark	  mass	  effect.	  

20	  Scientific Objective and Performance Heavy Quark Jets

Heavy quarks are particularly sensitive to the contribution of collisional energy loss, due
to suppressed radiative energy loss from the “dead cone” effect [88]. Measurements of
beauty-tagged jets and reconstructed D mesons over the broadest kinematic reach will
enable the disentangling of q̂ and ê.

There are important measurements currently being made of single electrons from semilep-
tonic D and B decays and direct D meson reconstruction with the current PHENIX VTX and
STAR Heavy Flavor Tracker (HFT). The sPHENIX program can significantly expand the
experimental acceptance and physics reach of this program with its ability to reconstruct
full jets with a heavy flavor tag. The rates for heavy flavor production from perturbative
QCD calculations [89] are shown in Figure 1.13.
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Figure 1.13: FONLL calculations [89] for heavy flavor (charm and beauty) jets, fragmentation
hadrons (D, B mesons primarily), and decay electrons as a function of transverse momentum.
The rates indicate expected counts for pT above a minimum transverse momentum threshold,
pT(cut), as a function of pT(cut) for Au+Au 0–20% central collisions.

Calculations including both radiative and collisional energy loss for light quark and gluon
jets, charm jets, and beauty jets have been carried out within the CUJET 2.0 framework [90].
The resulting RAA values in central Au+Au at RHIC and Pb+Pb at the LHC for p, D, B
mesons are shown as a function of pT in Figure 1.14. The mass orderings are a convolution
of different initial spectra steepness, different energy loss mechanisms, and the final
fragmentation. Measurements of D mesons to high pT and reconstructed beauty-tagged
jets at RHIC will provide particularly sensitive constraints in a range where, due to their
large masses, the charm and beauty quark velocities are not near the speed of light.

The tagging of charm and beauty jets has an extensive history in particle physics experi-
ments. There are multiple ways to tag heavy flavor jets. First is the method of tagging via

19
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Important	  Factors	  in	  b-‐jet	  tagging	  
sPHENIX-‐proposal	  projec3on	  based	  on	  fast	  sim.	  	  
(already	  updated	  to	  Geant4	  simula3on)	  

Cut	  

Ini3al	  b-‐jet	  frac3on	  
Performance	  turn-‐on	  at	  primary	  par3cle’s	  DCA	  peak	  
Efficiency	  improve	  w/	  higher	  DCA	  precision	  and	  tracking	  eff.	  

Saturate	  efficiency	  at	  level	  
determined	  by	  
•  Light	  decay-‐background	  
•  Fake	  high	  DCA	  (mismatching,	  

alignment)	  →	  realis3c	  sim.	  



•  Moved	  from	  fast	  simula3on	  to	  GEANT4	  	  
•  Embedded	  in	  0-‐10%	  Au+Au	  

•  Improving	  tracking	  and	  paXern	  recogni3on	  
so|ware	  are	  ongoing…	  

22	  

b-‐jet	  tagging	  in	  GEANT4	  

Full	  Geant4	  Sim:	  p+p	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Embedded	  to	  Central	  Au+Au	  	  

CMS	  
Phys.	  Rev.	  LeX.	  113,	  132301	  (2014)	  

CMS	  



b-‐jet	  Theory	  Predic3ons	  	  
•  Updated	  pQCD	  calcula3ons	  for	  b-‐jet	  RAA	  from	  
Vitev	  et	  al	  	  

•  sPHENIX	  sta3s3cs	  here	  from	  a	  5	  year	  run	  plan	  

23	  

Phys.	  LeX.	  B726	  (2013)	  251-‐256	  
Phys.Rev.LeX.	  113	  (2014)	  no.13,	  132301	  	  



b-‐jet	  and	  Beyond	  
•  b	  di-‐jet	  and	  b-‐jet-‐non-‐
prompt	  D	  correla3ons	  
possible	  with	  sPHENIX	  
acceptance	  	  

•  Studies	  are	  ongoing	  
•  Also	  helps	  purity	  of	  jet	  
and	  b-‐tagging	  

24	  

CMS	  PAS	  HIN-‐16-‐005	  Physics	  LeXers	  B750	  (2015)	  287–293	   sPHENIX	  scien3fic	  proposal	  
b	  di-‐jet,	  CMS	  2016	  b-‐jet	  +	  B-‐hadron,	  model	   di-‐jet	  acceptance	  in	  sPHENIX	  



Jet	  Substructure	  
•  Hot	  topic	  at	  QM17	  
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What is jet substructure? 
Dynamics of particles inside the jet 

 

Two scales: angular + momentum space 

Quark Matter 2017 2 

Sketches by 
J. Thaler 

Marta Verweij 



Photon	  tagged	  jet	  fragmenta3on	  func3ons	  	  
•  Photon	  tags	  ini3al	  hard	  
scaXering	  	  kinema3cs	  	  

•  Jet	  reconstructed	  a|er	  
energy	  loss	  

26	  

Comparisons to theory

16

Linear Boltzmann Transport
- kinetic description of  parton
propagation
- hydro description of  medium 
evolution
- track thermal recoil partons & 
their further interactions in medium
Jet transport in medium + jet induced 
medium excitations
- He, Luo, Wang and Zhu, arXiv: 1503.03313v2 
(2015)
- He, Luo, Wang and Zhu, arXiv:1503.0331;     

Modified Leading Log 
Approximation
Modeling the energy loss in the medium as 
an increased parton splitting probability
- Borghini and Wiedemann, arXiv: hep-
ph/0506218 (2005)

Transition not at fixed ξ

Huijun Ge, for the PHENIX Collaboration, RHIC & AGS Annual User’s Meeting 2017

Quark Matter 2017 7 
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And no dependence on jet pT 

Measurement also done for 5 TeV PbPb data 
No √s dependence observed 

Low pT 

High pT 

Radim Slovak Tue. 2.2 
Martin Spousta Tue. 3.4 

Marta Verweij 

Fragmentation function 

Low pT particles 
not measured 
à No low-z 
enhancement 
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Momentum	imbalance	in	!+jet	
Exact	quantification	of	 the	energy	lost	out	of	
the	jet	cone,	boson	energy	is	that	of	the
parton initiating	 the	recoil	jet

CMS	and	ATLAS	results	consistent

Peter	Steinberg

Ran	Bi

Main	features	of	xJ" are	reproduced
by	all	models

•  Photon-‐tagged	  jets	  
directly	  probe	  ΔE	  

•  Is	  the	  fragmenta3on	  
func3on	  modified?	  

z = ph pjet
i

z = ph pjet
f

pjet
f pjet

i



Photon-‐jet	  FF	  at	  RHIC	  

•  RHIC	  is	  ideal	  for	  
measuring	  direct	  photons	  

•  zJγ	  may	  be	  more	  sensi3ve	  
at	  RHIC	  	  

27	  

Scientific Objective and Performance Jet Rates and Physics Reach

because the p0s are significantly suppressed. Taking the suppression into account, the
g/p0 ratio at RHIC exceeds one for pT > 15 GeV/c. The large signal to background means
that it will be possible to measure direct photons with the sPHENIX calorimeter alone,
even before applying isolation cuts. Beyond measurements of inclusive direct photons,
this enables measurements of g-jet correlations and g-hadron correlations.
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Figure 1.21: NLO pQCD calculations of direct photons and p0 for RHIC and LHC. The
plot on the left shows the counts per event in Au+Au or Pb+Pb collisions (including the
measured RAA suppression factor for p0). The upper (lower) panel on the right shows the
direct g to p0 ratio in p+p (Au+Au or Pb+Pb) collisions, in comparison with measurements
from the PHENIX experiment at RHIC [122, 123].

1.10.4 Hard probe statistics and range in pT

Figure 1.22 summarizes the current and future state of hard probes measurements in A+A
collisions in terms of their statistical reach, showing the most up to date RAA measurements
of hard probes in central Au+Au events by the PHENIX Collaboration plotted against
statistical projections for sPHENIX channels measured after the first two years of data-
taking. While these existing measurements have greatly expanded our knowledge of
the QGP created at RHIC, the overall kinematic reach is constrained to < 20 GeV even
for the highest statistics measurements. Figure 1.23 shows the expected range in pT for
sPHENIX as compared to measurements at the LHC. Due to the superior acceptance,
detector capability and collider performance, sPHENIX will greatly expand the previous
kinematic range studied at RHIC energies (in the case of inclusive jets, the data could

29

LHC	   RHIC	  

Gamma-Jet 
γdir 

6/8/2016 Sarah Campbell - RHIC/AGS User's Meeting 26 



Photon-‐jet	  in	  sPHENIX	  
•  EMCal	  clustering	  studies	  ongoing	  
•  Good	  jet	  energy	  resolu3on	  for	  p+p	  γ-‐jet	  events	  
•  Enough	  sta3s3cs	  to	  explore	  reac3on	  plane	  

dependence	  of	  zJγ	  
•  γ-‐jet	  fragmenta3on	  func3ons	  require:	  

–  Photon	  reconstruc3on	  in	  EMCal	  
–  Jet	  reconstruc3on	  (EMCal+HCals)	  
–  Tracking	  (MAPS+INTT+TPC)	  

28	  
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Scientific Objective and Performance Fragmentation Functions

Figure 1.10: Calculations by Vitev et al. of the vacuum and medium-modified zJg distri-
butions for direct photon-triggered reconstructed jet events at LHC (left) and RHIC (right)
energies [85].

With charged particle tracking one can also measure the longitudinal redistribution of
hadrons opposite the direct photon. sPHENIX will have excellent statistical reach for such
direct photon measurements.

Figure 1.11: Schematic of different potential path lengths through the QGP (left) and pro-
jected sPHENIX uncertainties in the photon-jet channel for these different length scales
traversed in the QGP.

At the same time, it is advantageous to measure modified fragmentation functions within
inclusive reconstructed jets and via correlations as well. The original predictions of jet
quenching in terms of induced forward radiation had the strongest modification in the
longitudinal distribution of hadrons from the shower (i.e., a substantial softening of the
fragmentation function). One may infer from the nuclear suppression of p0 in central
Au+Au collisions RAA ⇡ 0.2 that the high z (large momentum fraction carried by the
hadron) showers are suppressed.

17

Jet$spectra$and$jet$structure$
measurements$with$sPHENIX!

 Rosi Reed, for the sPHENIX Collaboration!

Abstract 
The sPHENIX proposal is for a second generation experiment at RHIC, which will take 
advantage of the increased luminosity due to accelerator upgrades, and allow measurements 
of jets and jet correlations with a kinematic reach that will overlap with measurements 
made at the Large Hadron Collider (LHC).  Particle jets, formed when a hard scatter parton 
fragments and then hadronizes into a spray of particles, were proposed as a probe of the 
Quark Gluon Plasma formed in heavy-ion collisions.  As they traverse the QGP, the hard 
scattered partons probe the medium at a variety of length scales, which is called jet 
quenching.  To answer the fundamental questions of how and why partons lose energy in 
the QGP, we need to characterize both the medium induced modification of the jet 
fragmentation pattern and the correlation of the lost energy with the jet axis.  Some 
observables that help elucidate these effects are gamma-jet correlations and jet 
fragmentation functions, which require the precise tracking and calorimetry that sPHENIX 
will have.  We will show the performance of these observables as well as that for jet and 
hadron spectra measurements, which are necessary for a baseline understanding, based on 
detector simulations. 
 
 
 

Jets at sPHENIX 
•  Sample ~50 billion  
    Au+Au events in 1 year 

•  107 jets > 20 GeV 
•  106 jets > 30 GeV 
•  80% are dijet events 
•  104 direct γ > 20 GeV 

•  Required Detector  
    Performance 

•  Single particle  
    resolution:  
    σE/E < 100%/√E  
•  Jet: σE/E < 120(150)%/√E in p+p(Au+Au) 
•  Photon Energy resolution σE/E<15%/√E  
•  dp/p ~ 0.2% p to > 40 GeV/ 

•  Jets interact minimally until their virtuality ~ medium virtuality 
•  Jets from the highest collision energies are mostly vacuum (pQCD) dominated 

Conclusions and Outlook 
 
•  Jets allow us to address the important fundamental questions of "how" and "why” 

partons lose energy in the QGP 
•  There has been significant progress in our understanding of quenching 

•  Jet quenching measurements at RHIC provide significant constraints on the partonic 
Eloss mechanisms  

•  sPhenix increased capabilities will allow a direct comparison to the LHC 
•  High luminosity will allow data collection without  
     imposing online trigger “biases 
•  LHC inspired observables will be measured at RHIC 

•  Progress is underway in evaluating the effect of 
    detector design choices on jet structure observable 
•  Investigation into the significance of the various 
     LHC inspired observables underway 
•  Fully embedded PYTHIA + HIJING events will be used to 
     evaluate background performance and photon isolation 
     cuts and clustering algorithims 
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•  Simulation of γ-jet events with  
    PYTHIA 

•  γ events are the “golden” probe 
•  Compare energy clustered into 
      jet versus photon 
•  Effect of detector resolution 
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Photon Clustering Algorithms 

•  Algorithm A 
•  Cluster = contiguous towers E > Ethreshold 

•  Algorithm B 
•  Noise reduction ! E > Ethreshold 

•  Neighboring towers which satisfy  

    noise threshold = “isolated cluster” 

•  Find “local max tower” and “peak area”  

    around it 

•  Etower with contribution from 2+ peak areas 

•  divided into peak areas  

•  Parameterized shower shape function 

•  Redefine “core cluster” within cluster area as 

    towers Esum > Ethreshold of peak area 
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How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX
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Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.
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Di-Jet Event Display 
•  EMCal + HCAL give hermetic jet  
    measurement 

•  High resolution tracker will  
    allow jet structure  
    measurements 

•  Jet modification 
•  Energy flow 

•  No autocorrelations! 

•  Jet algorithms for clustering and  
   background removal are under  
   investigation 

•  CMS Particle Flow? 

•  γ-jet events 
•  Photon clustering algorithm 
•  Isolation cuts 

sPHENIX CAD Drawing!

Jet Response!

arxiv:1501.06197!

Tracking  Efficiency! Tracking  Resolution!

Photon 
Resolution!

pp!

AA!

XJγ =
pγT
p jet
T

The Physics Case for sPHENIX What is the temperature dependence of the QGP?

What is the temperature 
dependence of the 

QGP?

What are the inner 
workings of the QGP?

How does the QGP evolve 
along with the parton 

shower? 

lprobe
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lprobe

Q2
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Q2
hard

T
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Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Q2

hard of the hard process that
sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton
probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative
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Figure 1.10: Calculations by Vitev et al. of the vacuum and medium-modified zJg distri-
butions for direct photon-triggered reconstructed jet events at LHC (left) and RHIC (right)
energies [85].

With charged particle tracking one can also measure the longitudinal redistribution of
hadrons opposite the direct photon. sPHENIX will have excellent statistical reach for such
direct photon measurements.

Figure 1.11: Schematic of different potential path lengths through the QGP (left) and pro-
jected sPHENIX uncertainties in the photon-jet channel for these different length scales
traversed in the QGP.

At the same time, it is advantageous to measure modified fragmentation functions within
inclusive reconstructed jets and via correlations as well. The original predictions of jet
quenching in terms of induced forward radiation had the strongest modification in the
longitudinal distribution of hadrons from the shower (i.e., a substantial softening of the
fragmentation function). One may infer from the nuclear suppression of p0 in central
Au+Au collisions RAA ⇡ 0.2 that the high z (large momentum fraction carried by the
hadron) showers are suppressed.
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Summary	  
•  sPHENIX	  has	  CD0	  and	  preparing	  for	  CD1	  review	  
•  A	  lot	  of	  physics	  opportuni3es	  for	  jet,	  jet	  structure	  
and	  HF	  jets	  

•  Con3nue	  to	  improve	  so|ware	  framework	  
– Realis3c	  tracking	  in	  place	  	  

•  Prototype	  tes3ng	  confirms	  simula3ons	  
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